Biofilm research is growing more diverse and dependent on high-throughput technologies, and the large-scale production of results aggravates data substantiation. In particular, experimental protocols are often adapted to meet the needs of a particular laboratory, and no statistical validation of the modified method is provided. This paper discusses the impact of intralaboratory adaptation and non-rigorous documentation of experimental protocols on biofilm data interchange and validation. The case study is a non-standard, but widely used, workflow for Pseudomonas aeruginosa biofilm development considering three analysis assays: the crystal violet (CV) assay for biomass quantification, the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) assay for respiratory activity assessment, and the colony forming units (CFU) assay for determination of cell viability. The ruggedness of the protocol was assessed by introducing small changes in the biofilm growth conditions, which simulate minor protocol adaptations and non-rigorous protocol documentation. Results show that even minor variations in the biofilm growth conditions may affect the results considerably, and that the biofilm analysis assays lack repeatability. Intralaboratory validation of non-standard protocols is found critical to ensure data quality and enable the comparison of results within and among laboratories.
T he understanding of microbial biofilms is now attracting considerable interest from the clinical community, namely, in studies related to chronic infection, biomaterial-associated infection, and antimicrobial resistance dissemination (1, 2) . Such research interest is generating a considerable volume of experimental results, but the comparison of results within and across laboratories is still limited (3) . Particularly, previous works addressed the need to document biofilm experiments using standard report formats and the creation of standard operating procedures (4-7) to guarantee the repeatability and reproducibility of the experimental protocols (8) (9) (10) .
Typically, every published study indicates the protocol(s) conducted for the experiment(s) and presents statistical assessments in support of its findings. However, it is a common fact that laboratories often adapt protocols in order to meet the particularities of new environmental scenarios. Protocol adaptation requires rigorous documentation and statistical validation in itself, but such details are usually not provided. This situation has immediate implications in the repeatability and reproducibility of the experiment, and thus in the implementation of interlaboratory comparative studies (11) . Consequently, results produced in apparently similar conditions and using the same protocol may vary considerably and lead to quite different conclusions. Moreover, there is evidence that even the most common methods in biofilm analysis may be affected by species-specific issues, e.g., the crystal violet (CV) assay for biomass determination is apparently affected by the matrix composition of Pseudomonas aeruginosa biofilms (12) , but it is still widely used in routine biofilm research.
The work presented here aims to explore the impact of protocol adaptation in data repeatability and ruggedness, and to highlight the importance of statistical validation in such scenarios. The case study describes the formation of P. aeruginosa biofilms in 96-well microtiter plates and the use of non-standard but conventional methods of biofilm analysis, such as the CV assay for biomass quantification, the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) assay for respiratory activity assessment, and the colony forming units (CFU) assay for cell viability determination. The effect that small variations in common biofilm growth conditions, such as temperature, agitation speed, growth time, and cell subculturing, may have on the variability of P. aeruginosa biofilms was tested by assessing the ruggedness of the growth protocol. The repeatability of the three biofilm analysis assays was also evaluated. Results showed that even minor variations in the protocol resulted in significant changes in the parameters of interest and emphasized the critical need to statistically validate non-standardized and modified protocols whenever these are used.
Experimental

Biofilm Formation
Overnight cultures of P. aeruginosa ATCC 10145 were grown in 20 mL tryptic soy broth (TSB) (Liofilchem, Roseto degli Abruzzi, Italy) in a 50 mL shake flask (120 rpm, at 37°C, for 14 h) (N-Biotek Shaker & Incubator NB-205Q; Gyeonggido, Korea). Subsequently, they were centrifuged (9000 × g, at room temperature, for 5 min), resuspended in TSB, and the cell concentration was calculated by a calibration curve relating optical density and CFU concentration (Equation 1): CFU/mL = 4 × 10 9 -1 × 10
where OD is the optical density at 640 nm. The sample was then diluted until reaching 2 × 10 6 CFU/mL.
Next, 100 μL bacterial suspension were transferred to a flatbottom 96 well polystyrene microtiter plate (Orange Scientific, Braine-l'Alleud, Belgium) to which 100 μL TSB/well was added. The plates were incubated aerobically (120 rpm, at 37°C, for 24 h) to promote biofilm formation. Afterwards, the liquid content of each well was removed by plate inversion, and the wells were washed twice with 200 μL distilled sterile water to remove any planktonic cells. The bacteria that remained attached were analyzed in terms of the adhered biomass, the metabolic activity, and the number of viable cells.
Biomass Evaluation
After the removal of the planktonic cells, the plates were airdried at room temperature for about 30 min. Biofilm biomass was then quantified by the CV staining assay (13) adapted from Stepanović et al. (14) . The biofilms were fixed with 200 μL pure methanol (Valente e Ribeiro, Lda., Belas, Portugal)/well for 15 min. Next, the plates were emptied by plate inversion and airdried at room temperature for about 5 
Respiratory Activity
The respiratory activity of the biofilms was measured using the XTT colorimetric assay (13, 15) adapted from Stevens and Olsen (16) . Biofilms were washed as described in the previous assay, and 200 μL combined solution of 150 μg/mL XTT and 10 μg/mL phenazine methosulfate (PMS) was added to each well. Both XTT and PMS were previously diluted separately in distilled sterile water and stored as 1 mL aliquots at -20°C.
The combined solution of XTT-PMS was made fresh previous to use and stored at 4°C in a light-proof container. After adding the solution, the plates were incubated (120 rpm, at 37°C, for 3 h) in the dark. The biofilm activity was determined through measurement of OD at 490 nm.
Cell Viability
Biofilms were detached by sonication for 6 min (Sonicor Ultrasonic TableTop Cleaner, New York, NY; SC-52, 220 V, 50/60 Hz, 0.25 A) and serially diluted in distilled sterile water to determine the number of CFU (15) . After plating the serial dilution on tryptic soy agar, the plates were incubated at 37°C overnight prior to enumeration. The number of viable bacterial cells was expressed as log (CFU/cm 2 ) using Equation 2:
where d is the dilution number (e.g., 0, 1, 2, etc. corresponding to the dilution factors of 1, 10, 100, etc.), V is the volume sonicated into (200 μL), and SA is the surface area of the microtiter plate's wells (1.53 cm 2 ).
Experimental Design
In this study, the ruggedness and the repeatability of the biofilm growth and analysis protocol were analyzed. A protocol is considered rugged if the results produced are resistant to minor deviations from the experimental conditions. Here, ruggedness testing evaluated the effect of slight variations in eight common operational conditions considered in the method of biofilm growth, namely, the temperature of microbial growth (inoculum and biofilm), the agitation speed implemented during microbial growth (inoculum and biofilm), the time of growth (inoculum and biofilm), the initial cell concentration, and the cell subculture (Table 1 ). For the cell subculture condition, three subcultures, corresponding to the initial bacteria retrieved from the preservation cryovial (subculture 0) and the following two subcultures of bacteria restreaked from the previous one (subcultures 1 and 2), were considered. Each condition was varied separately in at least three independent experiments with a minimum of four sample replicates each. These changes in the conditions were small and simulated minor adaptations of the protocol or some disregard in terms of their tight control, which is not unusual in laboratorial routine, either by operator or equipment faultiness.
On the other hand, a protocol is considered repeatable if, in similar conditions, the results within the same experiment and between experiments have low variance. In order to determine the repeatability, the group of experiments conducted in the control conditions (Table 1 ) was analyzed. The control conditions were as stated in the biofilm growth protocol described in the Experimental section. A total of 18 independent experiments with eight sample replicates each were carried out for biomass and respiratory activity assessment, and the determination of viable cells encompassed 17 experiments with four sample replicates each.
Statistical Analysis
The statistical analysis for this study was performed following a simple statistical workflow (Figure 1 ) as follows: outliers were identified and removed by applying Grubbs' test (17, 18) , data normality was checked using the Kolmogorov-Smirnov test (19) , and data homoscedasticity was checked using Levene's test (20) ; the analysis of variance (ANOVA) test (21) was applied to the normally distributed data, and the KruskalWallis test (22) (24) for parametric and non-parametric testing, respectively. The statistical analysis was performed using Microsoft Excel and GraphPad software (25) . This work does not address technicianto-technician variability, i.e., all the tests were performed by the same operator.
Assessments for repeatability were based on the results of the one-way ANOVA and the repeatability SD (Sr; Equation 3):
ANOVA assesses two variances: between experiment variance (σ 2 btw ), which shows the differences between experiment means, and within experiment variance (σ 2 e ), which shows the differences among data within the same group. The σ 2 btw can be explained by a systematic variation due to treatment or by chance due to non-systematic individual differences in data or experimental error. On the other hand, the σ 
Results and Discussion
Response to Variations in the Biofilm Growth Conditions
Results show statistically significant differences in the output data regarding small alterations of some of the tested conditions. Specifically, cell subculture (Figure 2) , temperature of inoculum (Figure 3) , temperature of biofilm growth (Figure 4) , and the agitation speed of the biofilm ( Figure 5 ) resulted in different biofilms due to the small changes in the growth conditions. In this study, the ruggedness and the repeatability of the biofilm growth and analysis protocol were analyzed for the second subculture when compared with subculture 0 (Figure 2) . Additionally, changes in temperature from 37°C to both 35 and 39°C caused significant to extremely significant increases in the values of biomass, respiratory activity, and viable cells, both in the inoculum (Figure 3 ) and in the biofilm (Figure 4) . Finally, the increase in agitation speed for the biofilm growth from 120 to 140 rpm decreased extremely significantly the three previous parameters of analysis ( Figure 5 ). Small alterations in the remaining operating conditions, i.e., time of inoculum and biofilm growth, initial cell concentration, and agitation speed for the inoculum growth, did not cause any statistically significant differences in the three parameters of biofilm analysis (data not shown). In more detail, e.g., the biomass and respiratory activity of the biofilm increased significantly from subculture 0 to subcultures 1 and 2 ( Figure 2 ). This can be related to the fact that stored cells may show different metabolic states and other acquired characteristics throughout the storage time and from subculture to subculture. This means that the type and time of storage can influence the cells in such a way that they can produce different biofilms, even though it is a preliminary step of the biofilm growth protocol and it is often not specified in the protocols.
Also, the biomass, respiratory activity, and cell viability of the biofilm were extremely significantly lower when the agitation speed under which the biofilm was formed was raised from 120 to 140 rpm ( Figure 5 ). This may be due to the impairment of the adhesion of the cell to the surface because of the agitation. The process of adhesion is crucial in order for cells in the planktonic (non-attached) state be able to adhere and form biofilms. In fact, even after cell adhesion, the biofilm formation could have been delayed due to the removal of cells from the upper layers of the biofilm due to the shear stress forces.
These results show that small variations in the conditions of the protocol can cause different results, which highlights the importance of the impact that arises from neglecting the tight control of such growth conditions. This may happen during a protocol adaptation, in which conditions may be altered in order to meet specific needs, or during a protocol's implementation, in which operators may both misinterpret some instructions if they are poorly described and disregard others. Of course the seriousness of such scenarios is lowered when experiments are consistently performed within the same study, by the same operator, and within the same laboratory. If the conclusions are only taken for comparisons within these parameters, the protocol used does not need to conform to those of other studies. However, the comparison of results both intralaboratory and interlaboratory is key in current biofilm research, given the ultimate importance of such studies in today's healthcare investigation, for instance.
Comparing Multiple Measurements
Data dispersion throughout the experiments performed in the control conditions (Table 1) suggests that the three biofilm analysis assays were affected by some degree of variability ( Figure 6 ). By analyzing the values of S r (Table 2) , it is clear that these values are higher than desirable (they are not far apart from the mean values), and that differences between the experiments greatly influenced the variability of the three methods. For biomass analysis, the value of the S r is 0.97 OD at 570 nm, which corresponds to a 90.7% of variability attributed to differences between experiments and 9.32% to error variability within experiments. For respiratory activity, the value of the S r is 0.131 OD at 490 nm, corresponding to 75.7% of variability due to differences between experiments and 24.3% due to errors within experiments. For cell viability, the value of the S r is 2.84 × 10 6 CFU/cm 2 , i.e., 66.5% of variability is due to differences between experiments and 33.5% to errors within experiments. Furthermore, results show that some methods of analysis may not be adequate to the study of certain organisms. Notably, the CV assay, which is currently widely used for this purpose, showed compromised repeatability for the biomass quantification of P. aeruginosa biofilms, as already pointed out by some authors (12) . Once again, these results reflect the necessity of properly validating the adaptation of protocols, such as these three biofilm analysis assays, to different experimental scenarios. In fact, the inexistence of standard protocols for each of the assays chosen has led to many common variations in the literature resulting from different protocol adaptations.
For instance, the analysis of biofilm biomass by the CV assay may be done by fixing the cells before staining, after staining, or not at all. Also, in the viability CFU assay, there are many possibilities of sonication conditions to remove adhered cells, or cells may be detached by scraping.
Conclusions
Typically, published studies include a statistical validation of their data results. However, the protocols used to generate those data do not usually undergo the same scrutiny. Most research groups rely on in-house protocols that were adapted at one time or another in order to meet specific needs of investigation, but such protocol alterations have not been statistically validated. Also important is that some protocols are poorly described (e.g., the description of growth overnight rather than indication of the exact number of hours), which may lead to different interpretation of the instructions in the protocol.
This work shows the impact of small variations in the experimental conditions on the repeatability and ruggedness of a widely used and non-standard workflow for P. aeruginosa biofilm growth and analysis. Such small variations can be easily caused by protocol adaptations, errors in laboratorial routine analysis, or misinterpretation of the protocol, and they can lead to statistically different results, namely, in terms of the biofilm's biomass. The three analysis assays (CV, XTT, and CFU) showed compromised repeatability, mostly due to between experiment variance, which was most evident in the case of the CV staining assay.
The quality of the data acquired using these analysis assays impairs the establishment of intralaboratory and interlaboratory comparisons. It stands to reason that intralaboratory protocol adaptations, common in everyday biofilm research, should be statistically validated and formally described in order to guarantee data quality and ensure protocol reproducibility within and across laboratories. a Values are in OD 570 nm and OD 490 nm units for the CV and XTT assays, respectively. In the case of homoscedasticity, in the cell viability dataset, homogeneity of variance was not encountered in the unit log (CFU/cm 2 ), so the logs were retrieved and homogeneity of variance was found with the data in CFU/cm 2 . Literature states that when Levene's test fails, often the best approach is to transform the data to logarithms or reciprocals, restoring equal variance (26) . All values are presented with at least three significant digits.
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